Introduction {#S0001}
============

Allergic rhinitis (AR) is a type of immunoglobulin E (IgE)-mediated chronic inflammatory respiratory disease characterized by production of Th2 cytokines, elevated IgE levels, histamine production, recruitment of inflammatory cells (such as eosinophils, basophils, mast cells, and neutrophils). Symptoms of AR include nasal congestion, sneezing, watery discharge, and nasal itching. AR is also defined as inflammation of the lining of nasal passages and sensory-nerve hypersensitivity triggered by inhaled antigens.[@CIT0001]--[@CIT0003] AR affects 10--30% of adult population and over 40% of children.[@CIT0004] According to the World Health Organization, approximately 400 million people globally suffer from AR.[@CIT0004] In addition to symptoms involving the nasal cavity, AR is associated with sleep disorder, emotional problems, social isolation, poor concentration, and diminished quality of life (QOL).[@CIT0005],[@CIT0006] Current medications, such as glucocorticosteroids and antihistamines, provide only temporary relief. Therefore, new therapeutic approaches that addressing the root of AR pathogenesis are in great demand.

AR pathogenesis includes sensitization and generation of nasal symptom upon re-exposure to the specific allergens.[@CIT0002] During sensitization, dendritic cells uptake and present allergens to MHC class II peptide T-cell receptors. Additionally, allergens activate type 2 innate lymphoid cells and basophils, which release Th2-driving cytokines such as interleukin (IL)-13 and IL-4. Activated Th2 cells produce IL-4 and IL-13, stimulating B cells to undergo an immunoglobulin isotype switch. The immunoglobulin isotype switch results in the production of IgE, which binds to mast cells and basophils.[@CIT0002],[@CIT0007] Then, allergens binds to IgE and cross-link IgE receptors (FCeRI complex) on mast cells and basophils.[@CIT0002] When allergens crosslink a critical number of IgE receptors, mast cells and basophils release inflammatory cytokines IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, and tumor necrosis factor alpha (TNF-α), as well as chemokines and histamine.[@CIT0008] The inflammatory cytokines induce Th2-mediated inflammation, ultimately resulting in the symptoms of AR.[@CIT0008]

C-C chemokine receptor 1 (CCR1) is expressed on eosinophils, basophils, dendritic cells, monocytes, and natural killer T (NKT) cells. CCR1 has ligands MIP-1α, RANTES, MCP-3, C-C motif chemokine ligand (CCL)13, CCL16, and CCL23, which are upregulated in patients with AR.[@CIT0009]--[@CIT0011] MIP-1α and RANTES serve as major eosinophil chemotactic proteins, leading to activation and accumulation of eosinophils at sites of allergic airway inflammation.[@CIT0012],[@CIT0013] MIP-1α and RANTES are also directly involved in stimulating antigen-specific IgE production and antigen-specific Immunoglobulin G4 (IgG4) production by B cells *in vitro*.[@CIT0014] Additionally, in AR, RANTES regulates mast-cell migration into the nasal epithelia, stimulates histamine release in basophils,[@CIT0015],[@CIT0016] and mediates basophil and neutrophil infiltration into the nasal mucosa.[@CIT0017] Furthermore, MCP-3 is highly expressed in AR and may serve as a chemotactic protein.[@CIT0018] CCR1 deficient mouse model of chronic fungal allergic asthma indicates decreased levels of IL-4, IL-13, decreased level of Th2-induced chemokines, and increased levels of Interferon gamma (IFN-γ) in the lung.[@CIT0019] Ligands of CCR1 play important roles in pathogenesis of AR, indicating that CCR1 may be a promising pharmaceutical target for therapies against AR.

BX471 is a small non-peptide small antagonist of CCR1 that can displace MIP-1α, RANTES, and MCP-3 by directly binding to CCR1, thereby inhibiting Ca^2+^ mobilization, extracellular acidification, CD11 expression, and leukocyte migration.[@CIT0020] The structure of BX471 was first identified by Liang et al.[@CIT0020] BX471 showed anti-inflammatory effects in mouse models of renal fibrosis by reducing the levels of CCR1 and CCR5 mRNA at a dose of 20 mg/kg in cyclodextrin.[@CIT0021] Carpenter et al[@CIT0022] demonstrated that BX471 downregulated TNF-α, CCL22, toll-like receptor (TLR) 2, and TLR6 expression *in vitro* (in macrophage culture). Carpenter et al[@CIT0022] further suggested that BX471 attenuated airway inflammation, hyper‐responsiveness, and remodeling in murine model of asthma. To better understand the underlying mechanism of BX471 in treating allergic airway inflammation *in vivo*, we assessed the effects of CCR1 antagonist BX471 in a murine model of AR.

Materials and Methods {#S0002}
=====================

Animals {#S0002-S2001}
-------

Female BALB/C mice, approximately 8-weeks-old, were purchased from the Animal Center of Heilongjiang University of Chinese Medicine (Harbin, China). The mice were housed in a pathogen-free facility of the Northeast Agricultural University (Harbin, China) at 22--26°C and 50%±5% humidity with 12-hour light-dark cycle. Sterile food and water were provided *ad libitum*. All experimental procedures were reviewed and approved by Northeast Agricultural University (Harbin, China), and followed the Guide for the Care and Use of Laboratory Animals of the Northeast Agricultural University (Harbin, China).

Preparation of the Injectable BX471 Solution and the Vehicle Solution {#S0002-S2002}
---------------------------------------------------------------------

The injectable BX471 solution was prepared according to a previously used protocol by Anders et al.[@CIT0021] A 40% cyclodextrin solution was prepared using unbuffered saline and dissolved overnight. The 40% cyclodextrin solution was filtered through a 0.45-µm filter, and the pH was adjusted to 3.30 by using hydrochloric acid (HCl). The BX471 (MedChem Express, USA) solution was prepared at a concentration of 20 mg/mL of 40% cyclodextrin solution. The injectable BX471 solution was prepared by adjusting pH to 4.5 using 1N KOH. The injectable BX471 solution had a concentration of 46 millimolar. The vehicle solution was identical to injectable BX471 solution except for adding BX471.

Ovalbumin-Induced AR Mouse Model and Administration of BX471 Injectable Solution {#S0002-S2003}
--------------------------------------------------------------------------------

Our experiment utilized 30 female BALB/c mice, divided equally into three treatment groups: the normal group, the vehicle control group, and the BX471-treated group. The normal group consisted of normal, healthy mice treated with saline alone. In the vehicle control group, an AR mouse model was generated by ovalbumin (OVA)-induction and was treated with the vehicle solution. In the BX471-treated group, OVA-induced mice were treated with injectable BX471 solution. The OVA-induced AR mouse model by sensitization and nasal challenge was performed following the work of Ikeda et al.[@CIT0023] OVA solution for sensitization was prepared by adding 0.5 mg OVA (Sigma, USA) and 20 mg aluminum hydroxide to every milliliter of saline. The vehicle control group and the BX471-treated group of mice were sensitized by intraperitoneally (IP) injecting 200 µL OVA solution on days 0, 7, and 14 ([Figure 1](#F0001){ref-type="fig"}). The normal group of mice were IP injected with saline on days 0, 7, and 14 following the same procedures ([Figure 1](#F0001){ref-type="fig"}). OVA solution for challenge was prepared at a concentration of 40 mg/mL of saline. The vehicle control group and the BX471-treated group of mice were challenged by nasal dripping 20 µL of concentrated OVA solution once a day from day 21 to 28 ([Figure 1](#F0001){ref-type="fig"}). The normal mice were challenged by nasal dripping 20 µL saline once a day from day 21 to 28 following same procedure ([Figure 1](#F0001){ref-type="fig"}). The BX471-treated group of mice were injected with injectable BX471 solution at a dose of 1 mL per kilogram of body weight twice a day on day 21 to 28 ([Figure 1](#F0001){ref-type="fig"}). An injection was administrated 30 min before the nasal challenge at 12 hours intervals. The vehicle control group and the normal group of mice were injected with vehicle solution or saline solution respectively at same volume using the same injection schedule and the same procedure ([Figure 1](#F0001){ref-type="fig"}). Nasal symptoms were assessed by counting the frequency of sneezes and nasal-rubbing behaviors during the 15-min period 10 min after administration of the last nasal challenge on day 28. The mice were humanely sacrificed 24 hours after administration of the last nasal challenge. Their brachial lymph nodes and spleens were then removed and processed for flow cytometry and Western blotting, respectively. Nasal tissues were isolated for immunological and histological studies.Figure 1OVA-induced murine model of AR: sensitization, challenge, and administration of injectable BX471 solution or vehicle solution or saline. The vehicle control group and the BX471-treated group of mice were sensitized with OVA solution on days 0, 7, and 14. On days 21--28, these mice were challenged using concentrated OVA solution. Mice designated as the normal group were sensitized and challenged with saline using the same volume as those used for the vehicle control and the BX471-treated groups. BX471 was administrated on days 21--28 twice a day; vehicle control group was administered using the same schedule and volume of vehicle solution as those used for BX471-treated mice. Mice administered as the normal group were only injected with saline using the same injection schedule and volume as that used for BX471-treated and vehicle control mice.

ELISA Immunoassay {#S0002-S2004}
-----------------

Serum was collected from mice immediately after sacrifice, and levels of OVA-specific IgE were measured using mouse OVA-specific IgE enzyme-linked immunosorbent assay (ELISA) kit (AE98207mu, Sangon Biotech, China). IFN-γ levels were measured using IFN-γ high sensitivity ELISA kit (EK280HS, MultiSciences Biotech, China). TNF-α levels were measured using TNF-α high sensitivity ELISA kit (EK282HS, MultiSciences Biotech, China). All kits were used in accordance with instructions of respective manufacturers. The plates were read using BioTek elx800 microplate reader (BioTek, USA).

Western Blot Analysis {#S0002-S2005}
---------------------

Spleens were collected immediately after sacrificing the mice. Samples were stored at −80°C until analyzed. Samples were processed with 100 mg/mL RIPA lysis buffer (Beyotime Biotech, China) and 1000 mg/mL PMSF (Beyotime Biotech, China). Supernatant was collected after centrifugation at 4°C and was analyzed by Western blot. Protein samples were electrophoresed through 10% of SDS-PAGE gels (Sangon, China) by electrophoresis apparatus (Bio-Rad, USA) under condition 80 volts for 15 min and 140 volts for 50 min. Loading buffer (Beyotime Biotech, China) was purchased and the running buffer (Tris 3.03g, Glycine 18.8g, SDS 1g, and deionized water up to 1 liter) was made. The proteins on the SDS-PAGE were transferred to 0.45µm Immobilon PVDF membrane (Sigma, USA). Membranes were blocked with 5% nonfat dried milk for 1 hour, followed by washing with TBST buffer. Samples were subsequently treated with anti β-actin antibody (BM3873, Boster Biological Technology, China), NF-kB p65 monoclonal antibody (A10609, Abclonal, USA.), TLR4 antibody (BA1717, Boster Biological Technology, China), or TLR2 antibody (BM4001, Boster Biological Technology, China), and were incubated overnight at 4°C. Following incubation, secondary antibodies were added to each membrane. NF-kB p65 membranes were probed with HRP-conjugated goat anti-mouse IgG secondary antibody (BA1050, Boster Biological Technology, China), while β-actin membranes, TLR4 membranes, and TLR2 membranes were probed with HRP-conjugated goat anti-rabbit IgG secondary antibody (BA1054, Boster Biological Technology, China). Finally, blots were visualized with the Azure Biosystem C300 (Azure, USA). The relative expression was calculated by dividing target gene by house-keeping gene (β-actin).

Real-Time PCR {#S0002-S2006}
-------------

Nasal tissues were removed from the nasal cavities immediately after sacrificing the mice, placed in centrifuge tubes, and stored in liquid nitrogen until analyzed. Total RNA was extracted and purified with TaKaRa MiniBEST Universal RNA Extraction Kit (No. 9767, TaKaRa, Japan). For every sample, 3 µg total RNA was reverse-transcribed using TaKaRa PrimeScript RT reagent Kit Perfect Real Time (RR037B, TaKaRa, Japan) according to the manufacturer's instructions. Relative expression of MIP-1α, RANTES, thymus and activation regulated chemokine (TARC), CCL22, IL-10, vascular cell adhesion molecule 1 (VCAM-1), Granulocyte-macrophage colony-stimulating factor (GM-CSF), TNF-α, IL-1β, IL-4, IL-5, IL-13, and β-actin were assessed using primers listed in [Table 1](#T0001){ref-type="table"}. Primer sequences of MIP-1α, RANTES, TARC, GM-CSF, TNF-α, IL-1β, IL-4, IL-5, IL-13, and β-actin were obtained from previous articles.[@CIT0024]--[@CIT0030] Primer sequences of CCL22, IL-10, and VCAM-1 were designed by using NCBI primer blast. Real-time polymerase chain reaction (RT-qPCR) was performed using TB Green Fast qPCR Mix (RR430B, TaKaRa, Japan) in a Real-time PCR System (Tianlong, China). Conditions for primer pairs with Tm between 56°C and 60°C were as follows: pre-denaturation at 95°C for 30 s; three-step amplification via 95°C for 5 s, 57°C for 30 s, and 72°C for 10 s, for 40 cycles; followed by melt--curve analysis. Same conditions were used for primer pairs with Tm below 56°C except for the second step of amplification, which was conducted at 55°C for 30 s. For primer pairs with Tm above 60°C, two-step amplification was used instead as follows: 95°C for 5 s, and 62°C for 10 s. The amplification curve was used to evaluate specificity. Relative expression of target genes was normalized to that of housekeeping gene β-actin. Relative expression was calculated via comparative cycle threshold (2−ΔΔCt) method. Table 1Sequence of Primer Pairs Used in RT-qPCRPrimer NamesForwardReverseAccession NumberReferencesMIP-1αTGCCCTTGCTGTTCTTCTCTGTGGAATCTTCCGGCTGTAGNM_011337.2\[[@CIT0024]\]RANTESCTGCTGCTTTGCCTACCTCTCGAGTGACAAACACGACTGCNM_013653.3\[[@CIT0025]\]TARCCAGGAAGTTGGTGAGCTGGTATATTGTGTTCGCCTGTAGTGCATANM 011332\[[@CIT0026]\]CCL22CAGGACTACATCCGTCACCCTGAGTAAAGGTGGCGTCGTTNM_009137.2\#IL-10GTGGAGCAGGTGAAGAGTGATCGGAGAGAGGTACAAACGAGNM_010548.2\#VCAM-1TTAAAGTCTGTGGATGGCTCGTACCTTAATTGTCAGCCAACTTCAGTCTTNM_011693.3\#GM-CSFAGATATTCGAGCAGGGTCTACGGGATATCAGTCAGAAAGGTTNM_009969.4\[[@CIT0027]\]TNF-αTGCCTATGTCTCAGCCTCTTCGAGGCCATTTGGGAACTTCTNM_013693.3\[[@CIT0028]\]IL-1βTTGACGGACCCCAAAAGATGAGAAGGTGCTCATGTCCTCANM_008361.4\[[@CIT0029]\]IL-5GGGGGTACTGTGGAAATGCTAATCCAGGAACTGCCTCGTCNM_010558.1\[[@CIT0030]\]IL-13GCAACGGCAGCATGGTATGGAGTGGTATAGGGGAGGCTGGAGACNM_008355.3\[[@CIT0026]\]IL-4AGTTGTCATCCTGCTCTTCTTTGACTGGGACTCATTCATGGTGCNM_021283.2\[[@CIT0026]\]β-actinGCACCACACCTTCTACAATGAGTTGGCATAGAGGTCTTTACGGANM_007393.5\[[@CIT0026]\][^1]

Histological Analysis {#S0002-S2007}
---------------------

After the sacrifice, the heads of the mice were removed and fixed in 4% paraformaldehyde for 48 hours. Specimens were decalcified with paraformaldehyde-EDTA decalcifying solution (G2520, Solarbio, China) for 5 days. Following fixation, heads were dehydrated, embedded in paraffin, and sectioned at 4 µm. Nasal-cavity sections were stained with hematoxylin and eosin (HE) (G1120, Solarbio, China) to obtain an eosinophil count in the lamina propria along the nasal septum under respiratory epithelium and measurement of epithelium thickness at same place of epithelium affiliated to nasal septum. Additionally, this section of epithelium in the lamina propria was measured for thickness in all treatment groups. All the stained tissues were scanned using 3DHistech P250 High Capacity Slide Scanner (3DHISTECH Ltd., Hungary). CaseViewer V2.3 (3DHISTECH Ltd., Hungary) was utilized to view the scanned slides. Frame selection function in CaseViewer V2.3 was used to randomly select 1 square millimeter rectangle area of lamina propria along the nasal septum under respiratory epithelium for each sample. Two researchers blinded of the group and sample information counted the number of eosinophils in areas described above in each sample. To measure the nasal thickness, we used distance measurement function in CaseViewer V2.3 to measure the distance between the epithelium outer surface and epithelium inner surface above nasal septum in scanned slide of each sample. Nasal cavity sections also were stained for glycogen using periodic acid-Schiff (PAS) stain (G1218, Solarbio, China) to identify goblet cells.

Flow Cytometry {#S0002-S2008}
--------------

Brachial lymph nodes were removed from mice immediately after sacrifice and were placed into a tissue culture dish containing 2 mL PBS. A plunger of a 5-mL syringe was then used to grind the tissues into a homogeneous suspension at 4°C; the suspension was filtered through a 70-µm cell filter (Solarbio, China) and centrifuged at 400 g for 7 min at 4°C. The supernatant was discarded, and 1 × 10^7^ cells were placed into a flow cytometry tube and stained using mouse regulatory T cell staining kit (KTR201, MultiSciences Biotech, China) according to the manufacturer's instructions to identify CD4^+^CD25^+^Foxp3^+^ T regulatory cells (Treg). The stained cell suspension was evaluated using BD Accuri C6 Plus flow cytometer (BD Bioscience, USA), and data were analyzed using FlowJo V10 software.

Statistical Analysis {#S0002-S2009}
--------------------

All data were analyzed using Microsoft Excel and GraphPad Prism V8.2.1. One-way ANOVA and Tukey's Test post hoc analysis was performed on GraphPad Prism V8.2.1 (GraphPad Software, La Jolla California, USA). The statistical comparisons were the normal group versus the vehicle control group and the BX471-treated group versus the vehicle control group. If statistical significance exists between the normal group and the vehicle control group, a symbol indicating statistical significance was added on the top of the normal group. If statistical significance exists between the BX471-treated group and the vehicle control group, a symbol indicating statistical significance was added on the top of the BX471-treated group. p\<0.05 was considered statistically significant. All data are presented as means ± SEM.

Results {#S0003}
=======

Treatment with BX471 Attenuated Nasal Symptoms {#S0003-S2001}
----------------------------------------------

The number of sneezes and the number of nasal-rubbing behaviors were different significantly between the normal group, the vehicle control group, and the BX471-treated group. As shown in [Figure 2A](#F0002){ref-type="fig"}, the number of sneezes significantly increased in the vehicle control group (20.9±1.5) compared with that of the normal group (1.1±0.7) during the 15 min period after the challenge (p\<0.001). As shown in [Figure 2B](#F0002){ref-type="fig"}, the number of nasal-rubbing behaviors also significantly increased in the vehicle control group (149.3±9.5) compared with that of the normal group (73.6±9.9) during the 15 min period after the challenge (p\<0.001). The number of sneezes in the BX471-treated group during the 15 min period after the challenge was 9.5±1.8, which was significantly attenuated compared with that of the vehicle control group (p\<0.001) ([Figure 2A](#F0002){ref-type="fig"}); the number of nasal-rubbing behaviors of the BX471-treated group was 107.6±14.0, which was significantly lower than that of the vehicle control group (p\<0.05) ([Figure 2B](#F0002){ref-type="fig"}). The symptom scores indicate that BX471 treatment alleviated the symptoms of AR in mice.Figure 2Effect of BX471 administration on symptoms of AR. (**A**) Number of sneezes during a 15-min interval was counted starting at 10 min after administration of the last nasal challenge on day 28 (n=8 per group). (**B**) the number of nasal-rubbing behaviors was counted during the 15-min interval, starting at 10 min after administration of the last nasal challenge on day 28 (n=8 per group). All values are represented as mean ± SEM. \* p\<0.05 and \*\*\* p\<0.001 versus the vehicle control group.

BX471 Suppressed TNF-α Levels {#S0003-S2002}
-----------------------------

The BX471-treated group showed significantly lower levels of TNF-α in serum than the vehicle control group. No statistical significance of OVA-specific IgE levels and IFN-γ levels was found between BX471-treated group and the vehicle control group. As shown in [Figure 3A](#F0003){ref-type="fig"}, the vehicle control group showed significantly higher levels of OVA-specific IgE than those of the normal group (p\<0.001). No statistically significant difference of IgE levels was detected between the vehicle control group and the BX471-treated group (p\>0.05) ([Figure 3A](#F0003){ref-type="fig"}). Serum TNF-α levels were significantly (p\<0.01) reduced in BX471 group compared with the vehicle control group ([Figure 3B](#F0003){ref-type="fig"}). The serum concentration of TNF-α in the vehicle control group was 27.54±4.39 pg/mL, whereas in the BX471-treated group that was 12.08±1.11 pg/mL ([Figure 3B](#F0003){ref-type="fig"}). No statistically significant difference in serum IFN-γ levels was observed among the normal group, the vehicle control group, and the BX471-treated group ([Figure 3C](#F0003){ref-type="fig"}). The ELISA results indicated that the BX471-treated group had lower serum TNF-α levels than that of vehicle control group, but BX471 treatment did not influence serum levels of OVA-specific IgE and IFN-γ.Figure 3Effect of BX471 on peripheral OVA-specific IgE and Th1 cytokine levels. Mice were sacrificed 24 hours after administration of the last nasal challenge, and sera were collected. (**A**) Serum levels of OVA-specific IgE were measured using ELISA for each treatment group (n=6 per group). (**B**) Serum levels of TNF-α were measured using ELISA for each treatment group (n=6 per group). (**C**) Serum levels of IFN-γ were measured using ELISA for each treatment group (n=6 per group). Values are represented as mean ± SEM. \*\* p\<0.01 and \*\*\* p\<0.001 versus the vehicle control group.

BX471 Suppresses the Relative Expression of NF-kB P65 {#S0003-S2003}
-----------------------------------------------------

Protein levels of Nuclear Factor kappa-light-chain-enhancer of activated B cells p65 (NF-kB p65) were significantly different between the BX471-treated group and the vehicle control group, but TLR4 and TLR2 levels did not differ significantly between the BX471-treated group and the vehicle control group ([Figure 4A](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). Relative expression level of NF-kB p65 is 0.31±0.02 in the normal group, 0.44±0.06 in the vehicle control group, and 0.27±0.02 in the BX471-treated group ([Figure 4B](#F0004){ref-type="fig"}). The relative expression level is statistically different (p \< 0.05) between the vehicle control and the BX471-treated group ([Figure 4B](#F0004){ref-type="fig"}). Relative expression levels of TLR4 and TLR2 show no statistically significant difference between the vehicle control group and the BX471-treated group ([Figure 4](#F0004){ref-type="fig"}C and [D](#F0004){ref-type="fig"}). These results indicate BX471 treatment reduces relative expression level of NF-kB p65 but not that of TLR4 and TLR2.Figure 4Relative quantification of NF-kB p65, TLR4, and TLR2 protein expression levels. (**A**) Western blot analysis for NF-kB p65, TLR4, and TLR2 relative expression from groups indicated. (**B**) summary graph for relative expression of NF-kB (n=8 per group). (**C**) summary graph for relative expression of TLR4 (n=8 per group). (**D**) summary graph for relative expression of TLR2 (n=8 per group). All values are represented as mean ± SEM. \* p\<0.05; \*\* p\<0.01; and \*\*\* p\<0.001 versus the vehicle control group.

Effect of BX471 on Levels of Chemokines and Cytokines in the Nasal Tissues {#S0003-S2004}
--------------------------------------------------------------------------

Generally, cytokine profiles indicated significant differences between the BX471-treated group and the vehicle control group. TNF-α levels were lower in the BX471-treated group, 0.5±0.1 fold, than in the vehicle control group, 8.8±2.4 fold (p\<0.01) ([Figure 5](#F0005){ref-type="fig"}). Additionally, nasal expression levels of IL-4, IL-5, IL-13 were also significantly lower in BX471-treated group compared with the vehicle control group ([Figure 5](#F0005){ref-type="fig"}). Fold expression of IL-4 in the vehicle control group was 452.9±85.3 fold, whereas in the BX471-treated group it was 38.5±15.7 fold (p\<0.001). Fold expression of IL-5 in the vehicle control group was 10.3±1.6 fold, whereas in the BX471-treated group it was 1.1±0.2 fold (p\<0.001) ([Figure 5](#F0005){ref-type="fig"}). Fold expression of IL-13 was 116.3±38.5 fold in the vehicle control group and 5.5±1.1 fold in the BX471-treated group (p\<0.05) ([Figure 5](#F0005){ref-type="fig"}).Figure 5Relative expression of proinflammatory chemokines and cytokines in the nasal cavity. Total RNA, obtained from the different groups of mice, was used to measure the expression levels of TNF-α, IL-4, IL-5, IL-13, MIP-1α, RANTES, VCAM-1, GM-CSF, IL-1β, IL-10, TARC, CCL22 via RT-qPCR (n=5 per group). All values are represented as mean ± SEM. \* p\<0.05; \*\* p\<0.01; and \*\*\* p\<0.001 versus the vehicle control group.

MIP-1α and RANTES, which play important roles in regulation of Th2 and other inflammatory cytokines, are primary targets of BX471. As shown in [Figure 5](#F0005){ref-type="fig"}, mRNA expression of MIP-1α in the BX471-treated group was 1.2±0.3 fold, significantly lower than that of the vehicle control group which was 61.6±20.2 fold (p\<0.01). The mRNA expression of RANTES in the BX471-treated group was downregulated by 0.9±0.03 fold compared with that of the vehicle control group, 6.6±1.8 fold (p\<0.01) ([Figure 5](#F0005){ref-type="fig"}).

Other proinflammatory factors involved in the inflammatory pathway of AR were also assessed. Results indicated significantly lower expression levels of VCAM-1 (p\<0.01), GM-CSF (p\<0.05), IL-1β (p\<0.01), IL-10 (P\<0.01), TARC (P\<0.05), and CCL22 (p\<0.05) in the BX471-treated group compared with the vehicle group ([Figure 5](#F0005){ref-type="fig"}). The RT-PCR results confirm the ameliorated AR in BX471 treated group of mice compared with vehicle control group.

Histological Changes in the Nasal Cavity Caused by Administration of BX471 {#S0003-S2005}
--------------------------------------------------------------------------

Numbers of eosinophils per square millimeter in the lamina propria were counted ([Figure 6A](#F0006){ref-type="fig"}, [B](#F0006){ref-type="fig"}, [C](#F0006){ref-type="fig"}, and [G](#F0006){ref-type="fig"}). The number of eosinophils per every square millimeter of nasal tissue was 2.5±1.0 for the normal group, 54.0±6.5 for the vehicle control group, and 26.8±8.7 for the BX471-treated group. Statistically significant differences were found between the normal group and the vehicle control group (p\<0.01) and between the vehicle control group and the BX471-treated group (p\<0.05) ([Figure 6G](#F0006){ref-type="fig"}). Goblet cell density was significantly higher in the vehicle control group, 46.8±19.7, than the normal group, 1.0±0.7 (p\<0.05) ([Figure 6D](#F0006){ref-type="fig"}, [E](#F0006){ref-type="fig"}, [F](#F0006){ref-type="fig"}, and [H](#F0006){ref-type="fig"}). No statistical significance of the number of goblet cells in respiratory epithelium was found between vehicle control group and BX471-treated group ([Figure 6D](#F0006){ref-type="fig"}, [E](#F0006){ref-type="fig"}, [F](#F0006){ref-type="fig"}, and [H](#F0006){ref-type="fig"}). Epithelial thickness was significantly higher in the vehicle control group, 67.9±3.9 µm, than in the normal group, 50.5±2.9 µm (p\<0.05) ([Figure 6I](#F0006){ref-type="fig"}). No statistically significant difference in the thickness of nasal mucosa was observed between the vehicle control group and BX471-treated group ([Figure 6I](#F0006){ref-type="fig"}). Results indicated that BX471 treatment prevent the eosinophil recruitment in AR but has no influence on the epithelium thickness and the goblet cell metaplasia.Figure 6Histological examination of nasal mucosa. Hematoxylin and eosin stains (magnification, ×650) of nasal mucosa from the normal group (**A**), vehicle control group (**B**), and BX471-treated group (**C**). The yellow arrows indicate the identified eosinophils in lamina propria. PAS stains (magnification, ×650) of nasal mucosa from the normal group (**D**), vehicle control group (**E**), and BX471-treated group (**F**). We counted the number of eosinophils in the lamina propria (**G**) and that of goblet cells in the respiratory epithelium (**H**), (n=4 per group); we also measured the thickness of respiratory epithelium (**I**), (n=4 per group). All values are represented as mean ± SEM. \* p\<0.05 and \*\* p\<0.01 versus the vehicle control group. Bar indicates 50µm.

BX471 Upregulates the Population of Treg Cells {#S0003-S2006}
----------------------------------------------

Treg cells were analyzed using flow cytometry for each of the treatment groups ([Figure 7A](#F0007){ref-type="fig"}, [B](#F0007){ref-type="fig"}, [C](#F0007){ref-type="fig"}, and [E](#F0007){ref-type="fig"}), and unstained control was shown as well ([Figure 7D](#F0007){ref-type="fig"}). The percentage of CD25^+^ FOXP3^+^ cells in CD4^+^ population was 11.00±0.69% in the normal group, 4.83±1.06% in the vehicle control group, and 10.57±0.97% in the BX471-treated group ([Figure 7E](#F0007){ref-type="fig"}). The vehicle control group showed a significantly lower percentage of Treg cells than did the normal group (p\<0.01) ([Figure 7E](#F0007){ref-type="fig"}). The percentage of Treg cells in the BX471 group was significantly higher than that of the vehicle control group (p\<0.01) ([Figure 7E](#F0007){ref-type="fig"}). These results clearly indicate that BX471 treatment increases the population of CD25^+^ FOXP3^+^ cells in CD4^+^ cells population.Figure 7Flow cytometry analysis of Treg cells. Lymphocytes were gated first for CD4^+^ T cells and then for CD25^+^ FOXP3^+^ cells in (**A**) the normal group, (**B**) the vehicle-control group, and (**C**) the BX471-treated group. (**D**) Unstained control. **(E)** The percentage of CD25^+^ FOXP3^+^ cells in CD4^+^ cell population was assessed in all treatment groups (n=5 per group). All values are represented as mean ± SEM. \*\* p\<0.01 versus the vehicle control group.

Discussion {#S0004}
==========

Previous studies on therapeutic effects of BX471 in allergic asthma showed the potential of targeting CCR1 in allergic-airway disease.[@CIT0022] In this study, by using OVA-induced murine model ([Figure 1](#F0001){ref-type="fig"}), the effect of BX471 on AR symptoms was examined and underlying mechanisms were explored. Administration of BX471 demonstrated reduced inflammatory chemokine and cytokine expression, suppressed eosinophil recruitment, relieved nasal symptoms, and an increased Treg cell population. These results suggest that BX471 reduced NF-kB level by regulating CCR1 mediated TNF-α secretion. The suppressed NF-kB levels may contribute to downregulation of Th2 cytokines, VCAM-1, GM-CSF, IL-1β, RANTES, and MIP-1α. Furthermore, the downregulation of Th2 cytokines and RANTES levels may explain reduced eosinophil infiltration into the nasal mucosa.

Counting the number of sneezes and nasal-rubbing behaviors during a time interval is an effective way to evaluate AR symptoms, and is used in various AR studies.[@CIT0003],[@CIT0031]--[@CIT0033] In the current study, the vehicle control group showed increased sneezing and nasal-rubbing behaviors in the time interval following OVA sensitization and challenge ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). Treatment with BX471 lowered the symptom score for sneezing and nasal-rubbing behaviors, indicating that symptoms of AR were attenuated ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}).

Many studies have demonstrated that the NF-kB pathway plays key roles in regulating expression of proinflammatory factors and allergic airway inflammation.[@CIT0034]--[@CIT0037] Present study investigated the protein levels of NF-kB, TLR2, and TLR4 by Western blot to better understand effect of BX471 treatment on the NF-kB activation pathway ([Figure 4A](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). Nigo et al[@CIT0038] and Carta et al[@CIT0039] suggested that TLR2 and TLR4 activated NF-kB to produce cytokines in airway inflammation. Interestingly, NF-kB p65, which is a major heterodimer of NF-kB p50, was significantly downregulated by BX471 ([Figure 4B](#F0004){ref-type="fig"}), while TLR2 and TLR4 protein expression levels were not affected ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). Decreased levels of NF-kB p65 but not TLR2 and TLR4 protein in BX471-treated group indicate that the BX471 may not be acting on the toll-like receptor activated NF-kB pathway. This intriguing result may be explained by the decreased levels of TNF-α after BX471 treatment ([Figure 3B](#F0003){ref-type="fig"}), which fails to activate NF-kB pathway. Previous studies suggest that CCR1 mediates production of TNF-α both *in vitro* via mast cells and *in vivo*, and increased levels of TNF-α contribute to airway inflammation and Th2 cytokines production.[@CIT0040]--[@CIT0042] In the present study, the knowledge of relationship of CCR1 and the TNF-α/NF-kB pathway has been expanded *in vivo* in a mouse model of AR. The findings of this study indicate that BX471 treatment reduced TNF-α protein level and subsequently reduced NF-kB production. These findings suggest that BX471 treatment induces an anti-inflammatory effect through the TNF-α activated NF-kB pathway. While previous ideas of targeting AR have focused on downstream factors such as IgE and histamine, the present study provides new insights of attenuating AR via upstream pathway: the TNF-α activated NF-kB pathway.

Additionally, RT-qPCR results showed decreased expression levels of IL-4, IL-5, IL-13 m-RNA in the nasal cavity in the BX471-treated group compared to the vehicle control group ([Figure 5](#F0005){ref-type="fig"}), which indicates reduced Th2-mediated inflammation. A previous investigation demonstrated that mice with a NF-kB p50 knockout gene failed to develop allergic airway inflammation by inhibiting IL-4, IL-5, IL-13, MIP-1α, and RANTES expression.[@CIT0036],[@CIT0037] Since NF-kB serves as an upstream factor for Th2 cytokines, it is possible that the lower levels of Th2 cytokines expression in the BX471-treated group could be attributed to the inactivation of NF-kB. These findings further suggest that TNF-α could play a role in regulating NF-kB activation in Th2 cytokines production in AR. Furthermore, decreased levels of Th2 cytokines in the BX471-treated group suggest that BX471 inhibits AR via the TNF-α/NF-kB pathway. In accordance with previous studies, the present study demonstrates that CCR1-/- mice with chronic allergic airway disease exhibited significantly lower levels of IL-4 and IL-13 compared with those of wild-type controls.[@CIT0019] It has been reported that BX471 may serves as a competitive inhibitor, and previous studies report that BX471 treatment could modulate RANTES and MIP-1α at the site of inflammation.[@CIT0020],[@CIT0022] The current results show downregulation of RANTES and MIP-1α expression in the nasal cavity ([Figure 5](#F0005){ref-type="fig"}). Lower levels of RANTES and MIP-1α expression are consistent with a previous finding that NF-kB regulates RANTES and MIP-1α expression. As NF-kB fails to activate upon BX471 treatment, it could result in reduced RANTES and MIP-1α expression levels, which could be a reason why BX471 treated mice produce less RANTES and MIP-1α. In AR, Th2 cytokines, RANTES, and MIP-1α have been reported to contribute to eosinophil recruitment. This study shows that BX471 treatment inhibited eosinophil recruitment in the BX471-treated group ([Figure 6G](#F0006){ref-type="fig"}), which supports the proposed mechanism of action through the TNF-α activated NF-kB pathway. Reduced eosinophil recruitment correlates with results shown by previous studies on BX471 administration in asthma.[@CIT0022]

In AR, IgE production is typically triggered by IL-4- and IL-13-mediated isotype switching.[@CIT0034],[@CIT0035] IFN-γ can prevent this isotype switch, thereby preventing antigen-specific IgE production, while IL-10 inhibits the activity of IFN-γ and restores the isotype-switching process.[@CIT0036] In present study, the group of mice treated with BX471 showed reduced levels of IL-4, IL-13, and IL-10 ([Figure 5](#F0005){ref-type="fig"}); however, we did not detect any changes in IgE levels in the BX471-treated group ([Figure 3A](#F0003){ref-type="fig"}), and no changes in IFN-γ protein levels were observed ([Figure 3C](#F0003){ref-type="fig"}). A previous study showed that IgE production is not dependent on CCR1.[@CIT0019] The reason for this remains unclear, and why CCR1 affects the levels of Th2 cytokines, but not those of IgE, should be investigated in future studies.

VCAM‐1 and GM-CSF serve as important players in eosinophilic recruitment in allergic inflammation.[@CIT0008],[@CIT0043] It was indicated previously that the TNF-α activated NF-kB protein pathway triggers expression of VCAM‐1 in inflammatory response, and NF-kB regulates expression of GM-CSF and IL-1β.[@CIT0044],[@CIT0045] The findings of present study corroborates with results from a previous study showing a downregulation of VCAM‐1, GM-CSF, and IL-1β expression in BX471-treated group ([Figure 5](#F0005){ref-type="fig"}). These results indicate that BX471 suppressed VCAM‐1, GM-CSF, and IL-1β via TNF-α/NF-kB pathway. CCL22 and TARC, which are the two principle ligands of CCR4, contribute to infiltration of Th2 cells.[@CIT0046],[@CIT0047] The reduced level of CCL22 and TARC may be due to reduced eosinophil infiltration, which could potentially decrease production of CCL22 and TARC.[@CIT0048] Administration of BX471 in allergic asthma results in reduced levels of CCR4 in murine asthma.[@CIT0022] Although no direct relationship between CCR1 and ligands of CCR4 has been found, the decreased levels of these two factors shown by the BX471-treated group in our study, may be attributed to the reduced Th2 inflammation and eosinophil recruitment. The relationship between CCR1 and ligands of CCR4 should be further investigated in future studies.

Recent evidence shows that Treg cells in allergic-airway disease modulate the immune response, and that FOXP^+^ expressing cells show antigen tolerance.[@CIT0049]--[@CIT0052] In present study, the vehicle control group showed a decreased percentage of CD25^+^ FOXP3^+^ expression cells in the CD4^+^ cell population by compared to the normal group upon sensitization and challenge ([Figure 7E](#F0007){ref-type="fig"}); the BX471-treated group showed an increased percentage of CD25^+^ FOXP3^+^ expression cells in the CD4^+^ cell population ([Figure 7E](#F0007){ref-type="fig"}), indicating that BX471 may inhibit AR by increasing the numbers of Treg cells. Our results suggest that CCR1 blockade may boost the population of Treg cells. This indicates that controlling the levels of Treg cells may be a promising therapeutic strategy for treating AR.

Conclusion {#S0005}
==========

BX471 exerts anti-inflammatory effects in a mouse model of AR. This study expands the knowledge of therapeutic effect of CCR1 antagonist and possible underlying mechanisms. The possible mechanism of action of CCR1 antagonist BX471 attenuating OVA-induced AR is that BX471 inhibits expression of proinflammatory mediators and eosinophil recruitment by inhibiting the TNF-α activated NF-kB pathway. In addition, BX471 also functions to attenuate AR by increasing the natural-occurring T cell population. Overall, present study demonstrates that BX471 represents a promising therapeutic strategy against AR.
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